ABSTRACT: Implants used to correct pathological varus-valgus deformities (VVD) and leg length discrepancies (LLD) may not be optimized for the specific treatment, as suggested by their off-label use. Detailed analysis of this issue has been limited by the poorly understood mechanical behavior of the growing physis and ignorance of the loads acting on the implants. The aim of this study was to predict and compare the loading conditions of a growth modulation implant in VVD and LLD treatments. Idealized finite element (FE) models of the juvenile distal femur treated with the Eight-Plate implant were developed for VVD and LLD. Bone growth was simulated using thermal strains. The axial force in the plate was compared between the two treatments. Case-specific plate forces were predicted by virtually reproducing the screw deformation visible on radiographs of LLD (N ¼ 4) and VVD (N ¼ 4) clinical cases. The simple FE models reproduced the clinical implant deformations well. The resulting forces ranged from 129 to 580 N for the VVD patients. For LLD, this range was from 295 to 1002 N per plate, that is, 590-2004 N for the entire physis. The higher forces in LLD could be explained by restricted screw divergence in the double-sided implant application. For the first time, the loading conditions of a growth modulation implant were investigated and compared between two treatments by FE analyses, and the range of case-specific loads was predicted. These simulation tools may be utilized for guiding appropriate usage and for efficient development of implants. ß
Angular varus-valgus deformities (VVD) and leg length discrepancies (LLD) of the lower extremities during growth are common reasons for pre-arthritic degenerative joint changes, resulting in gait disturbance, instability and pain. Depending on the severity, these conditions may require surgical correction. Several reversible and non-reversible implant treatments and intervention techniques are currently available for this purpose. 1 Provided that the patient's physis still has growth potential, a temporary hemi-or epiphysiodesis approach can correct the deformity by bridging the physis and slowing down growth. One example for such an implant is the Eight-Plate (Orthofix Inc., Lewisville, TX) system that has been developed and used to gradually correct VVD. 2, 3 This implant consists of an extraperiosteal plate and two non-locking screws for fixation within the metaphyseal and epiphyseal bone stocks adjacent to the physis. VVD is corrected by decelerating the growth on the implant side and allowing growth on the opposite side of the bone, with the Eight-Plate acting as an extraperiosteal hinge. Improved effectiveness and a lower complication rate of this deformity correction treatment compared to the previously widely used angle-stable staple implants have been reported. 2 Off-label use of the Eight-Plate has also been reported for treatment of LLD by applying both medial and lateral implants. [4] [5] [6] The clinical outcome for this indication ranges from efficient 5, 6 to not effective. 7 A case report even recommends not to use this implant for LLD treatment. 8 The reasons for the variation in the clinical experience may stem from the incomplete understanding of the biomechanical effect of the implant treatment on the growing bone and vice versa. Understanding the biomechanical behavior of guided bone growth is limited and the loading conditions of the implant induced by the treated physis in humans are not known to date. However, these biomechanical conditions may help to explain the differences between VVD and LLD treatments and allow for development of improved or alternative growth modulation approaches.
Several animal studies have examined the effect of sustained loading on the physis to determine the growth rate as a function of applied stress or the maximal force exerted by arrested growth. [9] [10] [11] [12] Stokes et al. 9 found in three different animal models a linear relationship between applied stress and the resulting growth rate in vertebral and proximal tibial physes. However, the loads arising from restricted growth have not yet been investigated in sufficient detail. Moreover, the load magnitudes may vary between humans and the different animal models. Growth forces in human proximal tibial physes treated with staples were investigated by means of simplified biomechanical tests for VVD. 13 Nevertheless, mimicking the bone growth process experimentally remains challenging. Computer simulations may offer an alternative to better model the mechanical effects of guided bone growth. Different finite element (FE) approaches have been developed to simulate the mechanobiological processes in bone growth under various loading conditions. 14, 15 However, long bone growth modulated with an implant has not yet been investigated by means of FE modeling.
The aim of this study was to investigate and compare the loading conditions of the Eight-Plate implant in VVD and LLD treatments. For this purpose, a simplified, but mechanically relevant FE model of modulated bone growth in the human juvenile distal femur was developed. Clinical radiographs of VVD and LLD patients treated with the Eight-Plate system were collected and the screw deformation was quantified. The FE model was utilized to reproduce these screw deformations and predict the range of patient-specific forces exerted by the physis on the implant. Finally, the results of VVD and LLD treatments were compared.
MATERIALS AND METHODS

Development of a Simplified FE Model of Modulated Bone Growth
An idealized 3D geometrical model of the juvenile distal femur was created in Abaqus CAE 6.13-3 (Dassault Syst emes Simulia Corp., Providence, RI), consisting of cuboid regions representing the growth plate with surrounding bone blocks (Fig. 1a) . The area (2,720 mm 2 , 68 mm in medio-lateral direction, and 40 mm in antero-posterior direction) and total thickness (1 mm) of the growth plate region represented the anatomical dimensions of a 12-year-old individual as taken from literature. 16 The height of the bone block (30 mm) approximated the distance between the femoral physis and the condyle surface. For the VVD model, the epiphysis and the metaphysis were assumed to have similar geometries and material properties, thus only the proximal half was modeled. The horizontal symmetry plane was at the middle of the growth plate ( Fig. 1b and d) . For LLD, the model was also assumed to be additionally symmetric in medio-lateral direction and thus only half of the VVD model was used ( Fig. 1c and e) . The overlapping surfaces of the growth layer and bone block were bonded. Given the very thin cortex in the epiphyseal region, only the cancellous but not the cortical bone compartment was modeled. The hole for the Eight-Plate screw was created in the bone block parallel to the growth layer at a vertical distance of 8.25 mm from the horizontal symmetry plane, corresponding with the half of the screw hole distance of the Eight-Plate. This placement represented an idealized implantation without initial screw divergence or bending. To account for the thickness of the periosteum and potential space between periosteum and plate surface, a horizontal gap between the screw head and bone block was introduced. The width of this gap, that is, the screw head offset (o s , Fig. 1e ) was a parameter in the model. The periosteum itself was not modeled, assuming that the soft tissue contribution to screw bending was negligible. For VVD, a screw length of 34 mm was used. For LLD, 34 and 36 mm screw lengths were modeled, as both of these were used in the clinical cases described in the "Application of the FE Model to Mimic the Clinical Cases" section. The cannulated screw shaft geometry was approximated by a threadless hollow cylinder (outer diameter of 3.3 mm, inner dimeter of 1.7 mm) having the same second moment of area and therefore the same bending behavior as the original screw of the Eight-Plate. The domains of the growth layer, the bone block and the screw were meshed with quadratic brick elements (C3D20), linear tetrahedrons (C3D4) and quadratic tetrahedrons (C3D10), respectively. Element numbers in the LLD and VVD models were 450 (2,404 nodes) and 850 (4,380 nodes) for the growth layer; and 16,494 (3,538 nodes) and 21,739 (4,457 nodes) for the bone block, respectively. The screw domain had 6,188 elements and 10,863 nodes. A preliminary convergence sub-study identified the sufficient mesh density of each compartment. The criteria of convergence were that for an average loading case, (i) the difference in the screw tip deflection, compared to the result of the finest reference model, was one order of magnitude smaller than the average resolution of the clinical radiographs described below in the "Collection and Processing of Clinical Radiographs" section; and (ii) the difference in the primary 
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outcome measure, that is, the force acting on the screw (see the "Application of the FE Model to Mimic the Clinical Cases" section), was smaller than 1%.
Symmetry constraints were applied on the VVD model in the horizontal mid-plane and on the LLD model in the horizontal and vertical mid-planes, corresponding to the assumptions of geometrical symmetry ( Fig. 1d and e) . The Eight-Plate itself was not modeled, its mechanical effect was represented with boundary conditions applied to the screw head. For this purpose, a control node was created at the approximated rotational center of the screw head. The surface nodes of the screw head were constrained to this control node, translation of which was constrained in vertical direction. This simplification was confirmed to have negligible effect on the growth force results (<1%) mainly because the deformation of the plate was two orders of magnitude smaller than the extent of restricted bone growth. The effect of frictional forces between the screw head and the plate was not considered and the rotation of the control node was free around all axes. Assuming no screw pull-out during growth and to avoid unrealistic tension forces between the screw and the bone on the side opposite to the growth plate, the screw shaft surface of the half perimeter on the growth plate side was bonded to the bone hole surface, while the other half perimeter could detach from the bone.
Material properties of juvenile femoral cancellous bone were assumed to be homogeneous, isotropic and linear elastic. Literature based values were used for the Young's modulus (E ¼ 345 MPa) and the Poisson's ratio (n ¼ 0.3).
17,18
The screws were assigned homogenous, isotropic, linear elastic and perfect plastic material properties corresponding to titanium alloy Ti6Al7Nb (TAN, E ¼ 105000 MPa, n ¼ 0.3, and yield stress of 880 MPa).
The mechanical effect of bone growth was induced by means of thermal expansion. The orthotropic thermal expansion coefficients (a) of the growth layer were set to a xx ¼ a yy ¼ 0, a zz ¼ 0.01, with indices xx, yy, and zz being the anterioposterior, medio-lateral, and cranio-caudal directions, respectively; that is, zz being the direction of growth. The applied temperature change DT was a parameter of the model that was varied to produce different thermal strains. A linear elastic material model was used to compute the stresses in the growth plate induced by the restricted thermal strains. The corresponding material properties were not selected based on real physiological values, but designed to meet the requirements of the current investigation, that is, to generate stresses solely perpendicular to the growth plate. Therefore, homogeneous, transversely isotropic properties were assigned. The Young's moduli, the shear moduli and the Poisson's ratios were set to
Collection and Processing of Clinical Radiographs
Anonymized clinical radiographs of VVD and LLD patients treated with the Eight-Plate were taken from datasets available at the Children's Hospitals of the Universities in Zurich and Bern, Switzerland. These data were collected for a retrospective clinical study investigating the clinical use of the Eight-Plate. 4 The ethical approval for analysis of the collected radiographs was given and the retrospective study was registered on the ClinicalTrials.gov database (NCT01625975). To assure correct assessment of screw deformation, the selection criteria for the present study required the visibility of the screw bending and that the screw was essentially parallel with the radiograph plane. The latter was evaluated based on the projected screw head edge that had to be aligned perpendicularly. Finally, six suitable screws from four VVD clinical cases (mean age at surgery: 13.3 years, mean time from implantation to radiograph acquisition: 224 days) and five suitable screws from four LLD cases (mean age at surgery: 13.0 years, mean time from implantation to radiograph acquisition: 259 days) were found to match the selection criteria ( Table 1) .
The region of interest containing the selected screw was cropped from the radiograph and the screw contours were extracted using the Canny edge detection filter as implemented in Matlab R2015a (The MathWorks, Inc., Natick, MA). Points on the external boundaries of the screw head and shaft were manually selected and their coordinates exported (Fig. 2) .
Application of the FE Model to Mimic the Clinical Cases
The FE models of modulated bone growth were utilized to reproduce the screw deformations observed in the radiographs of the Eight-Plated LLD and VVD cases. This was achieved by performing a set of FE simulations with different parameter combinations and selecting the one that provided the best match with the actual clinical case. As described in the "Development of a Simplified FE Model of Modulated Bone Growth" section, the two parameters of the models The FE analyses were carried out with Abaqus 6.13 allowing for large deformations and using the implicit solver. For each analysis step, which corresponded to an increment in DT, the node locations of the deformed screw boundary were extracted. Moreover, the reaction force at the constrained control node of the screw head, which represented the total tension force acting on the plate, was evaluated.
For each clinical case the screw head and shaft contour points of the model were aligned to the radiograph-based ones using the Iterative Closest Point (ICP) algorithm. 19 This approach was selected to minimize the errors potentially arising due to the discretized nature of the radiographs. Matching was quantified by the root mean square error of the Y-components of the shaft coordinates (Y-RMSE), representing the difference in bending compared to the clinical screw shape. The best matching result out of all parameter combinations was identified as the one providing the minimal Y-RMSE value. The associated vertical reaction force at the screw head control node defined the growth force F g . However, the exact size of the horizontal screw head offset o s could not be assessed from the two-dimensional (2D) plain radiographs, only its possible minimal value could be estimated. Therefore, a range of possible F g values was provided by taking the best match result, that is, the DT value providing the minimal Y-RMSE, for each of the plausible screw head offsets. The average stress in the physis was then estimated by normalizing the resulting F g force to the half physis area, assuming that in VVD the implant acts on one half of the growth plate. 13 Parameter Sensitivity Analyses Screw angulation at insertion was not known for the clinical cases. Therefore, the effect of this parameter was investigated by preparing additional models having 5˚or 10˚initial screw inclination with respect to the horizontal plane and repetition of the above described procedure to identify F g . Further, the assumption of horizontal symmetry, that is, equal screw distances on both sides of the growth plate, was investigated by creating two sets of additional models with 5.5 mm, respectively with 11 mm screw-growth plate distances. Only o s ¼ 3 mm was considered in these additional analyses.
The material properties of the growth plate were not physiological, but selected for the purpose of the current study. The effect of the Young's modulus in the growth direction (E z ) was investigated in additional analyses on the VVD models with o s ¼ 3 mm by increasing the modulus by 25% (to 1.25 MPa) and by 50% (to 1.5 MPa).
RESULTS
The selected modeling approach successfully reproduced the clinically observed characteristics of screw deformation, that is, rotation combined with bending towards the growth layer. Moreover, by using the appropriate DT value as identified via the minimization procedure, a tight match between the radiographbased and FE-based screw coordinates could be obtained (Fig. 3) . When using the same set of parameters (o s and DT), the screw divergence was much smaller in LLD compared to VVD. Accordingly, the force acting on the screw was higher in LLD (Fig. 4) . Moreover, the screw was plastically deformed in LLD, but not in VVD.
The analysis of the effect of the model parameters revealed that increasing DT resulted in a higher screw deformation and higher F g . In contrast, a greater o s induced smaller screw bending and smaller F g and this effect was closely linear (Fig. 5) . The possible range of the case-specific F g forces was between 129 and 580 N for VVD (Fig. 6 ) and between 295 and 1,002 N for LLD (Fig. 7) . Considering the use of two plates in LLD cases, the range of forces to be exerted by the growth plate (Fig. 5) .
Initial screw angulation was found to have only small effect on the results. Considering 5˚initial screw angle, the difference in growth force compared to the original parallel screw insertion was 2 and 3% on average for the VVD and LLD cases, respectively. Under consideration of 10% initial screw angle this difference was 5% for the VVD and 6% for the LLD cases. The effect of screw-growth plate distance was found to be similarly small. Compared to the original model with 8.25 mm distance, the difference in growth force in the models with 5.5 mm distance was 2 and 3% on average for the VVD and LLD cases, respectively. In the models with 11 mm Figure 4 . Contour plot of the von Mises stresses in the screw and illustration of the resulting reaction force F g (red arrow) for (a) the VVD model (F g ¼ 432 N) and (b) the LLD model (F g ¼ 760 N for one plate). The same growth parameter set (o s ¼ 2 mm, DT ¼ 175 K) was used in both models. Note that the yield stress criterion (880 MPa, red color in the contour plot) was reached and the screw shaft was plastically deformed in the LLD case. The magenta signs indicate locations of the points for which growth is shown in Figure 5 . For interpretation of the references to color in this figure legend, the reader is referred to the online version of this article. distance this difference was 3% for the VVD and 4% for the LLD cases.
The elastic modulus of the growth plate had minor effect on the growth forces of the VVD cases, with average differences being 2 and 1% for 1.25 and 1.5 MPa (versus 1 MPa), respectively. Here, the patient-specific optimal DT values were, of course, different than for the 1 MPa elastic modulus. However, the magnitudes of growth were affected by these changes both laterally (average differences of 12 and 20%, respectively) and in the middle of the bone (average differences of 22 and 34%, respectively).
DISCUSSION
The aim of this study was to investigate and compare the loading conditions of the Eight-Plate implant in the treatment of VVD and LLD. This was achieved by reproducing patient-specific loading conditions using a simplified FE model of modulated growth. This is the first study that has utilized FE simulations to predict the forces arising in modulated growth by reproducing implant deformations observed on radiographs. The results show that the restricted screw rotation (i.e., divergence) in the LLD situation causes much higher screw bending and consequently larger resulting forces in the plate. Moreover, as there are two plates used to treat LLD, the total force produced by the growth plate is approximately twice the value of those forces presented in Figure 7 . While the present study could demonstrate the differences between VVD and LLD in terms of implant loading, it is not conclusive about the applicability of the Eight-Plate in LLD. One interesting result in this respect, however, was the plastically deformed screws in some LLD cases, indicating the risk of implant failure. Future studies using the methods presented here may further elucidate this issue.
Overall, the simulations resulted in clinically relevant screw bending both in VVD and LLD setups. This suggests that the simplified computational model successfully captured the main mechanical aspects of modulated long bone growth and thus was appropriate for the purpose of this study. Being able to reproduce the bent shape of screws with known geometry and material properties provides evidence that the mode of simulated loading was appropriate and that the magnitude of the stresses causing this deformation was correct. Still, the resulting forces showed a large variation both in the VVD and the LLD group. The main reason for this was not the computational model Figure 6 . Results of case-specific forces acting in the plate (F g ) for the VVD patients as predicted by the FE models for selected screws (indicated by the blue frames) and for the possible range of screw head offset. The minimal possible size of this offset is indicated in red in the images. The applied temperature changes (DT) are shown in parentheses. Radiographs were printed with kind permission of Dr. Joeris (Children's Hospital, University of Bern) and Dr. Ramseier (Children's Hospital, University of Zurich). For interpretation of the references to color in this figure legend, the reader is referred to the online version of this article. 
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but the heterogeneous patient cohort, in particular the considerable scatter in the treatment duration at radiographs acquisition, ranging from 91 to 412 days. A further important source of variation was the uncertainty about the screw head offset from the bone surface, since its actual 3D distance could not be accurately assessed solely on the 2D projected radiographs. Nevertheless, the results were sensitive to this parameter: Changing the screw head offset by 1 mm caused a difference in the resulting force up to 91 N in case of VVD and up to 238 N in case of LLD.
To date there is no direct method to validate our results. A potential approach to assess the accuracy of the outcomes would be to compare the forces obtained for the two screws of the same plate. These should, ideally, be equivalent. In the dataset used, there are three such cases (patient IDs 3, 4, and 7). The range of forces is indeed similar for neighboring screws in two of these cases (IDs 4 and 7). A more accurate comparison is not possible due to uncertainties in the screw head offset. Furthermore, the assumption of geometrical and material symmetries in the models could also contribute to potential differences in the forces of neighboring screws. This assumption may hold for patient IDs 4 and 7, but may be the reason for the considerable mismatch between both forces calculated for patient ID 3. Here, the distances of the two screws from the growth plate are largely different and the use of identical material properties of the surrounding bone stock may be an oversimplification. Deeper analysis of this issue would require the knowledge of the case-specific spatial distribution of bone material properties, or at least of the density. None of these were available in the present study. Further, comparison with literature data is limited as there are only a few studies investigating the stresses or forces acting in modulated growth. Moreover, these are usually specific for the used methodologies. Experimentally, Stokes et al. found that a compressive stress of 0.6 MPa would cause in rabbits, rats, and calves a complete growth arrest; they also suggested the same value for humans. 9 Other studies reported that the maximally exerted growth plate stress in calves was 0.275 MPa, 10 while ranging in rabbits from 0.11 to 0.18 MPa, 11 or 0.19 MPa. 12 The estimated average stress results of this work are in a reasonable agreement with the range of stresses found in those studies. However, it is not known if, even for the cases with the highest stress result, the maximum stress was reached, that is, if the growth was stopped at the time of radiograph acquisition. Bylski-Austrow et al. 13 presented a biomechanical model of the staple splay observed in VVD treatment and estimated the required stress value to be 1 MPa. 13 However, the loading conditions used in that study are probably not comparable to the ones used here, inducing the highest screw bending close to the bone surface. Moreover, those authors assumed a physis area of 1,000 mm 2 , which is less than half of the area used within this study. These differences limit direct comparison of the results.
There are several limitations of this study. Most of these are related to the quality of the available clinical data. The main one is the difficulty to determine the screw head offset. This is mainly due to the 2D projection of the radiographs. Further limitations include the limited pixel size of the radiographs (0.127-0.148 mm), dictating the available accuracy of the deformed screw geometry. The related potential inaccuracies were minimized by using the ICP algorithm. The clinical data was not available for all patients at the direct post-operative state, that is, directly after implantation. Moreover, even if the post-OP radiograph was available, the limited pixel size did not allow for detection of potential pre-existing bending of the screw using those images. The initial shape of the screw was therefore assumed to be undeformed. Further, the resulting forces could be estimated only at the single time point of the treatment when the radiographs were acquired and the evolution of these forces could not be followed. Some of these limitations could be overcome in future studies by acquiring radiographs at multiple follow-up time points for closer clinical observation of growth. This would allow monitoring of screw bending and decision making on whether screw exchange or removal is needed, as recommended previously by Joeris et al. 4 Highresolution CT images might provide more accurate spatial information about screw deformations and screw head offset from the bone surface. However, metal artifacts may inhibit accurate evaluation and the acquisition of such data may not be reasonable from an ethical point of view.
Besides the above-described limitation of the clinical data, there are also limitations with respect to the computational model. Firstly, the thermal expansion approach used is a simplified model of bone growth that neglects several factors. Alternative formulations based directly on growth rate could provide a more direct description and more clinically relevant measures of bone growth. However, in line with the aim of the study, the method presented here provided realistic loading conditions for the screws and, consequently, was able to replicate clinically relevant screw deformations. Further limitations include the use of an simplified geometrical model with assumptions of symmetries and homogeneous bone properties. These could be improved using CT images for generation of patient-specific models. By choosing a thermal expansion model to describe growth, non-physiological and artificial material properties were necessary in the growth layer. The longitudinal properties were designed to produce the required growth stresses and the transverse properties were adjusted to prevent slipping in medio-lateral direction. Furthermore, these properties did not adapt throughout the growth process. Due to the nature of the model, the resulting expansions shown in Figure 5c -f depend on the longitudinal elastic modulus of the growth layer and may not represent real growth in this respect. However, the effect of this elastic modulus on the patient-specific growth forces was found to be negligible. This fact reinforces the validity of the model for the purpose of the present study. Friction between the screw head and plate may also contribute to screw bending in reality. The magnitude of the friction forces depends on the tightening torque of the screw, which was unknown for the investigated cases. Moreover, the friction may change because of the dynamic loading during everyday activities and possible screw migration during treatment. Due to these uncertainties, we decided to neglect this effect, which should however be investigated in future studies.
Despite these limitations, in this study, the loading conditions of the Eight-Plate implant were investigated and compared in VVD and LLD treatments for the first time. Moreover, the range of forces exerted by modulated human long bone growth was estimated. The underlying simplified FE model describing the mechanical aspects of bone growth appears to be sufficient for utilization in future studies to investigate patientspecific evolution of implant deformation as well as induced forces throughout the treatment period. The resulting information could be used to aid the development of optimized growth-guiding implants.
